Abstract. Measurements of the ice nucleating ability of aerosol particles in air masses over Florida having sources from North Africa support the potential importance of dust aerosols for indirectly affecting cloud properties and climate. The concentrations of ice nuclei within dust layers at particle sizes below 1 pn exceeded 1 ~m -~; the highest ever reported with our device at temperatures warmer than homogeneous freezing conditions. These measurements add to previous direct and indirect evidence of the ice nucleation efficiency of desert dust aerosols, but also c o n f m their contribution to ice nuclei populations at great distances from source regions.
Introduction
The effects of dust transport on aerosol composition and deposition are known to extend globally from major desert regions [Husar et al. 2001; Prospero, 1996, 19991. Dusts are important atmospheric aerosols for direct climate forcing due to their effect on scattering and absorption of solar radiation. Evidence is mounting for the indirect effects of dust aerosols on clouds. Rosenfeld et al. [2001] noted the effect of Saharan dust was to reduce precipitation in shallow convective clouds near the source. This was hypothesized to be due to lowering of the coalescence efficiency of clouds resulting from increases in cloud condensation nuclei. The dramatic correlation of the presence of Asian dust and ice formation in modestly supercooled altocumulus clouds was previously demonstrated by Sassen [2001] . Levi and Rosenfeld [1996] have confirmed relative increases in ice nuclei concentrations during dust storm periods in Israel, and Rosenfeld al. 20031 . The study of dust aerosols as ice-forming nuclei has been motivated by the recognition of their potential importance to ice phase transitions in cold clouds, observations documenting the wide distribution and frequent occurrence of dust in the atmosphere, and the realization that changes in land use worldwide could lead to greater dust loadings in the atmosphere.
Relatively few measurements have documented the ice nucleating function of dust aloft in the atmosphere. Evidence is provided in this study for the strong ice nucleating function of Saharan dust aerosols as measured at long distances from the source. These measurements were collected in July 2002 as part of the National Aeronautics and Space Administration (NASA) CRYSTAL-FACE (Cirrus Regional Study of Tropical Anvils and Cirrus Layers -Florida Area Cirrus Experiment) program, a study focused on understanding the formation, properties and atmospheric effects of tropical cirrus clouds.
Methods
Ice nuclei (IN) measurements were obtained using the Colorado State University continuous flow diftilsion chamber (CFDC). The basic instrument design and performance characteristics have been described in detail by Rogers et al. [2001] . Recent modifications of the instrument include the construction of a refrigeration system permitting operation to -65°C. The device exposes air containing aerosol particles to steady state conditions of temperature and relative humidity for periods of 10 to 30 s. The temperatures of two concentric ice-coated plates through which sample air is focused determine the "processing" conditions. Optical detection of ice particles growing to larger sizes indicates ice nucleation.
The CFDC instrument was installed on the University of North Dakota Citation I1 aircraft, which profiled atmospheric conditions and aerosol particle and cloud characteristics up to 13 km above mean sea level (MSL). Aerosol particles were sampled through an exterior inlet that was located within less than 1 m air transit length into the CFDC. The inlet was a forward-facing diffiser with a 1.5 mm diameter hole expanding in a 6" cone to a 9.5 mm bore that exhausted through the back. The axis of the inlet tip was 122 mm above the aircraft skin, estimated to be double the boundary layer thickness at the sampling location. The decelerated air sample was drawn at right angles into a 6 mm tube that led to the CFDC. Aerosol particles larger than about 1 Krn (aerodynamic diameter) were removed by two identical impactors of the same design as described by Rogers et al. Suppating data are presented from aerosol particle sensors on the Citation aircraft and on the NASA WB-57 aircraft. 
MeasuremenQ
Measurements suggest the presence of Sahanm dust aerosols at varied collcentratioll levels in the Florida project area during CRYSTAL-FACE. This paper focuses on 28-29 Ice nuclei concentrations increased coincidentally with and correlated to the aerosol particle signals in the location of the dust layer. The CFDC processing conditions were approximately -36.5*0.5"C and 86.5*0.5% relative humidity with respect to water (123% relative humidity with respect to ice). These conditions were selected to obtain some data on the maximum contribution of heterogeneous nuclei to ice formation in cumulus clouds at temperatures warmer than where homogeneous freezing is expected to occur (i.e., >-38°C). Relative humidity below water saturation assured that homogeneous freezing was not possible. Heterogeneous IN concentrations exceeded 1 cm-' through a depth of nearly 2 km. Previous Mixing ratio and potential temperature profiles (Fig. 3 ) are also consistent with the absence of a dust layer above 2 km on 18 July. The CFDC instrument was processing particles at warmer temperatures (-24°C) during the aircraft descent sounding on 18 July. Nevertheless, processing ice relative humidity, which often correlates with ice nucleation activity, was 134%, higher than on 28 July. Figure 3 shows that IN concentrations were slightly elevated from typical values in and around the base of a cinus anvil at 6.4 km and in a lower clear-air region where modest amounts of large aerosols were detected by the FSSP. Measurements of IN in cirrus anvils will be addressed in a future publication. Ice nuclei concentrations in clear air regions down to 1.5 km MSL never exceeded about 0.05 cm-3 on this day. These IN concentrations are consistent with peak values measured previously in this temperature regime in the fiee troposphere [Rogers et al. 19981 , but are at least 20 times lower than peak concentrations noted in the dust layer on 28-29 July. These lower IN concentrations on 18 July, consistent with the absence of strong desert dust loading above the marine boundary layer, emphasize the unusual nature of the IN measurements within dust layers.
Discussion and Conclusions
The vertical descent profiles of ice nuclei concentrations on the three mentioned days are compared directly in High concentrations of dust particles acting as ice nuclei in clouds could lead to changes in cloud microphysical and radiative properties, latent heating and precipitation compared to more pristine conditions. While detailed numerical modeling studies to elucidate such effects are outside of the scope of this paper, simple considerations based on previous model sensitivity studies are instructive. For example, if IN concentrations of 1 reach the upper troposphere, heterogeneous ice nucleation could dominate the formation of ambient cirrus in preference to homogeneous freezing of more abundant haze (e.g., sulfate) particles [Gierens 20031 and thereby alter cloud forcing and upper tropospheric relative humidity. The simple exercise (not detailed here) of increasing IN concentrations by 100 times (to noted levels) in a microphysical model of adiabatic cumulus cloud parcels [Rogers et al. 19941 suggests that ice formation could deplete cloud water and prevent homogeneous freezing in maritime clouds with updrafts as large as 12 m s-'. Investigations are underway to compare cumuli and anvil cirrus properties on dusty versus less dusty days during CRYSTAL-FACE.
Although large dust storms are episodic, dust particles are often present throughout the atmosphere and so must also be their general effects on ice formation. In the United States, for example, dust fiom African [Peny et al. 19971 and Asian [ VanCuren and Cahill2002] sources can dominate fine aerosol mass at times in spring through summer. The annual dust minimum occurs during winter, with potential implications for the natural efficiency of winter precipitation and the formation of supercooled drizzle, an aircraft icing hazard. It is therefore important to further quantify the annual dust cycle, how it may be altered and the indirect effects of dust on ice phase clouds and precipitation.
